The laser induced fluorescence spectra of several torsional transitions of the S 1 ' S 0 electronic transition were recorded for the hydroxy deuterated o-and m-cresols. Both cis and trans rotamers were observed in a high resolution molecular beam experiment. The spectra were analyzed using a genetic algorithm assisted automatic assignment. The Hamiltonian used included rotational, torsional and rotation-torsion components. Both, high resolution rotationally resolved spectra and low resolution torsional frequencies, were combined to obtain the rotational constants, the direction of the methyl group axis, and the V 3 and V 6 barriers to internal rotation of the methyl top in the ground (S 0 ) and excited (S 1 ) states. The lifetime of the S 1 state is also reported. Quantum interference effects due to the interaction of the internal and overall rotation allowed for determination of the absolute sign of the angle between transition moment and the a principal axis.
Introduction
A large number of spectroscopic studies have been performed on substituted phenols. Of particular interest are substitutions in ortho-and meta-positions, because of the existence of cistrans isomerism. Another important issue is the internal rotation of symmetric top groups attached to the benzene ring, like -CH 3 . These two features meet in the o-and m-cresol molecules.
The cis and trans orientations of the hydroxy group had already been predicted for some phenol derivatives in the nineteen-thirties. 1 Similarly, in that decade the barrier to internal rotation of the methyl group was measured for the first time (for ethane) by Kemp and Pitzer. 2 Since then, phenol and toluene derivatives, among many other molecules, were shown to exhibit one or both of these characteristics.
The low resolution spectra of the o-and m-cresols have been examined by many groups. [3] [4] [5] [6] [7] Both cis and trans rotamers were identified and torsional parameters like the barrier to internal rotation (V 3i (i ¼ 1, 2)) and the reduced rotational constant (F) of the methyl top were obtained for the ground (S 0 ) and excited electronic (S 1 ) states. Microwave spectra of o-cresols and their hydroxy deuterated isotopomers were recorded by Welzel et al. 8 From these spectra accurate rotational and torsional parameters for the undeuterated and hydroxy deuterated o-cresols in the ground electronic state were determined.
The low resolution spectra revealed a drastic change of the barriers for the internal rotation upon electronic excitation from S 0 to S 1 . This is consistent with the barriers derived for the other substituted toluenes, like fluorotoluenes, 9 ,10 toluidines 11 and tolunitriles. 12 For example, in trans o-cresol the internal rotation is strongly hindered (V ) in the ground state. 4 However, it decreases in the S 1 state by a factor of about four. On the other hand, the methyl rotor in trans m-cresol is almost free in S 0 (V 00 3 ¼ 11 cm À1 ), but it is strongly hindered in S 1 (V 0
À1
). 3 These changes could not simply be explained by steric effects. Several groups treated the problem theoretically. [13] [14] [15] Recently, Nakai and Kawai 16, 17 proposed the p*-s* hyperconjugation (HC) mechanism for ortho and meta substituted toluenes, which explains the aforementioned barrier changes upon electronic excitation. Originally hyperconjugation was postulated to be the reason for conformational preferences in propene by Hehre et al.
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Rotationally resolved UV laser induced fluorescence (LIF) spectra provide accurate rotational constants for the ground and excited states of the examined molecules, 18, 19 from which structural information can be deduced. Other important parameters like magnitude and direction of the transition moment (TM), to within its sign and lifetime of the S 1 state can be determined. 20 Perturbations in the rotational spectra caused by internal rotation effects allow for more parameters to be derived. 21 Especially when combined with higher torsional transition frequencies they provide an accurate determination of the direction of the methyl top axis, the internal rotation constant, the barrier heights in both electronic states and even the absolute direction of the TM. The latter is obtained from quantum interference effects. 21, 22 In this paper we present frequency and intensity analysis of the high resolution, rotationally resolved LIF spectra of different torsional members of the S 1 ' S 0 transition in hydroxy deuterated o-and m-cresols.
The experimental spectra were analyzed with the help of genetic algorithm (GA) based automatic fitting procedures. These GA-fits are superior to classical assignments for very dense spectra and they allowed a fast and easy assignment for the split spectra observed in this work.
Theory

Model
All cresols studied are assumed to consist of the rigid planar frame (phenol) with a methyl group attached to it. The axis of the internal rotation of this methyl top a top is in the plane of the benzene ring and makes an angle Z with the a principal axis (see Fig. 1 ). Since the electronic excitation takes place in the planar benzene chromophore we also assume that the transition moment is in the ab plane and with an angle y to the a principal axis (Fig. 1 ). The implemented model utilizes the principal axes of the molecule as a reference coordinate system (PAM method). The derived rotational constants do not include contributions from internal rotation and are directly related to the geometry of the molecule. Only the main features of the theory are presented below and more details can be found in refs. 21,23 and 24 The Hamiltonian, which describes the rotation-torsion problem consists of three parts: the rotational part H r , the torsional part H t and the coupling term between overall and internal rotation H rt
where
V 3i ð1 À cos 3iaÞ;
where A, B, C are the rotational constants, J g (g ¼ a, b, c) are the projections of the total angular momentumJ on the principal axes of inertia of the molecule and vectorr has the following components
In the last equation I a is the moment of inertia of the internal rotor and I g are the principal moments of inertia of the whole molecule. For the cresol molecules
The reduced rotational constant for internal rotation F is defined as
ð2:4Þ
J a is the angular momentum of the internal rotor defined by J a ¼ Ài h(q/qa) where a is the torsional angle and V 3 and V 6 are the three-and six-fold barrier heights of the periodic torsional potential. A perturbation approach 18, 21, 23, 24 is used to derive the energy for eqn. (2.1). At first, the torsional Hamiltonian H t is solved and the coupling between the internal and overall rotation H rt is treated as the perturbation on the rotational Hamiltonian H r . As a result one can construct an effective rotational Hamiltonian for every torsional state (labelled with ns)
ns are the n-th order perturbation coefficients for the ns state. As shown in ref. 23 these coefficients can be expressed as matrix elements of the internal rotation angular momentum operator J a in the torsion-rotation basis. Here, n labels the torsional level in the high barrier limit and s takes the values À1, 0, þ1. States with s ¼ 0 are non-degenerate of a symmetry and with s ¼ AE1 are two-fold degenerate of e symmetry. In the following we will label the levels with A and E.
In the calculations the Hamiltonian (2.5) is restricted to fourth order. In that case matrix elements (see Appendix B of ref. 24 ) connect rotational basis functions up to DK ¼ 4. A matrix of size (2J þ 1) Â (2J þ 1) has to be diagonalized for every J for the na and ne torsional states. The resulting eigenvalues are ordered with increasing energies and labelled with K a and K c as in a normal asymmetric rotor (for details see ref. 25).
Internal rotor effects
The transition frequencies follow the selection rules DJ ¼ 0, AE1. Since the transition moment does not depend on the internal rotor angle additionally Ds ¼ 0 holds. We therefore expect for the S 1 ' S 0 origin two, more or less overlapping subbands, each with its own rotational structure. These subbands 0a 1 ' 0a 1 and 0e ' 0e, A and E subbands, respectively) are separated by Dn
EA , where DE EA are E À A energy differences in the excited and ground states, respectively. If Dn EA 0 is small both spectra partially overlap like in the o-cresols. A large value causes a complete separation of the subspectra as in the m-cresols. Furthermore, a decrease of the barrier upon electronic excitation results in a blue-shift of the E subband with respect to the A subband as observed in the o-cresols. For the m-cresols we observe a red-shift of the E subband and hence an increase of the torsional barrier upon electronic excitation.
The A-and E-subband pair have a different rotational structure. For the A states the odd perturbation coefficients vanish 23, 24 and it follows that this A subband has an asymmetric rigid rotor-like structure with effective rotational constants
However, for the E states all the perturbation coefficients are non-zero giving rise to linear terms in K a . This causes mixing of the rigid rotor wavefunctions, which induces transitions forbidden for a normal asymmetric rigid rotor. 21 For a transition moment in the ab plane (Fig. 1 ) the line strengths are given by
here the Z axis is the space-fixed axis determined by the laser polarization direction, |Ri |J,K a ,K c i, m a ¼ mcosy, m b ¼ msiny, and m, is the absolute value of the TM. F Zg are the direction cosines between the laboratory Z axis and the molecular g axis. Eqn. (2.7) differs from the usual rigid rotor expression by an extra third term, the so-called interference term. As first pointed out by Plusquellic et al. 22 and later by Remmers et al. 21 the interference term can be used to determine the absolute sign of the y angle. This is because m a m b ¼ 1/2m 2 siny cosy and therefore changes sign with y. The interference term is non-zero only for the E transitions. The final intensities are obtained by multiplying the line strengths with the temperature dependance. We used the two-temperature model defined in ref. 26 .
Computational approach
All the observed rotational spectra were fitted using GA based programs. In general, the GA is a global optimizer, which uses concepts copied from the natural reproduction and selection processes. For a description of the GA the reader is referred to the original literature. [27] [28] [29] A more detailed description of the GA application to the fitting of high resolution spectra can be found in refs. 30 and 31. Here, we only present the most important aspects of the GA fitting philosophy.
In the GA program each parameter from the model described in Section (2.1) is represented by a gene. A vector of parameters (genes) that describe one spectrum is called a chromosome and a set of typically 300 chromosomes forms a population. Initially, all the parameters in the population are set randomly between limits imposed by a user. These limits depend on the degree of complication of the rotational spectra and can be as large as AE10% of the centrally chosen value. In practice, hardly any prior knowledge of the values of the parameters is required.
In the next step all the chromosomes from the population are evaluated by a fitness function F fg (or cost function C fg ). This function is very critical for the GA to be successful. A more elaborate discussion on the choice of the cost function can be found elsewhere. 30, 31 The function used here is defined by Hageman et al. 30 and can in mathematical shorthand form be expressed as
ð2:8Þ
where f and g represent the experimental and calculated spectra, respectively. The inner product (f,g) is defined with the metric W
and the norm of f defined as
For w(r) we used a triangle function 30 with a user controlled width of the base Dw
Dw. After evaluation of each chromosome from the population, the best solutions are kept for the next GA generation. This elitism prevents them from being lost and also chooses the best parents to be combined in the following crossover process. We use a two-point crossover, after which we apply a small number of mutations into just newly generated chromosomes. Next the GA cycle (generation) repeats. For the cresol spectra we mostly set the maximum number of generations to 500.
The fitting approach to the experimental data was as follows. At first, we fit the A-subband of the S 1 ' S 0 origin to an effective asymmetric rigid rotor. Although this did not result in proper values for the rotational constants, it gave an indication of which lines in the complicated rotational spectra belong to the A-subband. From the preliminary 0a 1 ' 0a 1 subband fit the leftover E lines could be easily identified and the origin of the 0e ' 0e transition could be estimated. Hence this yielded an estimate of the torsional splitting Dn EA 0 . Combining these results and the knowledge of some torsional parameters from the literature a simultaneous GA fit of the 0a 1 ' 0a 1 and 0e ' 0e subbands was quickly successful.
Line positions obtained from the GA fits were subsequently manually compared with the observed spectra and corrected if needed. Spectra of the higher torsional states (1e ' 0e and 2a 1 ' 0a 1 transitions) were also fit with the GA. Subsequently, all the available data were fit by a separate least-squares based program. 20 Obtained parameters were utilized to improve the torsional origins and to refit all the data. After two or three such steps a very good to perfect fit could be obtained with parameters that did not change any more within their uncertainties.
After the parameters that determine the line positions were found, we performed a simultaneous GA intensity fit of the 0a 1 ' 0a 1 and 0e ' 0e subbands. All the parameters that did not affect the intensity were fixed. The lineshapes were fit using a Voigt profile with a fixed Gaussian contribution of 25 MHz (see Section (3)). Since the GA performs an intensity fit of the complete spectrum much better information on y and the linewidth D Lorentz ¼ D L is obtained than from an intensity fit to some selected individual lines. All errors presented in the paper are calculated from the combined available high and low resolution data.
We would like to note here that although the 'classical' assignment of quantum numbers to the experimental lines is still possible for the studied molecules it would be a very difficult, tedious and long process. If one considers one pair of spectra (A and E subbands) for one deuterated cresol, the 'classical' assignment of such a complicated spectra may easily take a month. Furthermore, assignment of the spectrum helps only for the fit of the higher torsional states of the same cresol molecule, but not for the other molecules. It is clear that only assignment of the rotationally resolved spectra of cis and trans, o-and m-cresols might have taken few months to half a year. In contrast the complete GA analysis of all the spectra presented in this publication took about one week. This is quite a gain of time, which can be spent on the actual analysis of the data, formulating hypotheses and making theoretical predictions.
Ab initio calculations
The structure of o-and m-cresol in the electronic ground state has been optimized at the HF, MP2/6-31G(d,p) levels and at the CIS/6-31G(d,p) level for the electronically excited S 1 -state with the Gaussian 98 program package (Revision 11). 32 The SCF convergence criterion used throughout the calculations was an energy change below 10 À8 Hartree, while the convergence criterion for the gradient optimization of the molecular geometry was qE/qr o 1.5 Â 10 À5 Hartree Bohr À1 and qE/qj o 1.5 Â 10 À5 Hartree degrees À1 , respectively.
Experimental
The experimental setup for the rotationally resolved LIF is described elsewhere. 33 In short, the apparatus consists of a single frequency ring dye laser (Coherent 899-21), pumped with 6 W of the 514 nm line of an argon-ion laser. Rhodamine 110 is used in the dye laser as a lasing medium. The fundamental light from the dye laser is coupled into an external delta cavity (Spectra Physics) for second harmonic generation (SHG). The UV radiation at B277 nm (for m-cresols) and at B275 nm (for o-cresols) is generated in this cavity by an angle tuned, Brewster cut BBO crystal. The cavity length is locked to the dye laser frequency by a frequency modulation technique. 34, 35 The undeuterated cresols used in the experiment are commercially available substances. In order to substitute a hydrogen atom from cresols' -OH group with a deuterium atom, they are mixed with D 2 O in the source container. To increase the vapour pressure of cresols, the source is heated to 110 1C. Subsequently, the molecular beam is formed by expanding a mixture from the source, seeded in 600 mbar of argon, through a 100 mm hole into the vacuum. The vacuum system is comprised of three differentially pumped vacuum chambers that are linearly connected by two skimmers (1 mm and 2 mm). The skimmers collimate the molecular beam and hence reduce the Doppler contribution to the measured linewidth. The UV laser crosses the molecular beam 360 mm downstream from the nozzle at right angles. The molecular fluorescence is collected perpendicular to the plane defined by the laser and molecular beam by an imaging optics that consists of a concave mirror and two plano-convex lenses. The Doppler contribution to the experimental linewidth in this set-up is 25 MHz of full width at half-maximum (FWHM). The total fluorescence is detected by a photomultiplier tube, whose output is digitized by a photoncounter and send to a PC for data acquisition and processing. The relative frequency is determined with a quasi-confocal Fabry-Perot interferometer with a free spectral range of 149.9434(56) MHz. For the absolute frequency calibration an iodine spectrum is recorded and compared with the available data. 36 
Results
Four rotationally resolved torsional bands of the hydroxy deuterated trans o-cresol have been measured, i.e. 0a 1 ' 0a 1 , 0e ' 0e, 1e ' 0e and 2a 1 ' 0a 1 . This allowed the determination not only of the barriers to internal rotation, but also the torsional constant F in both electronic states. The ground state rotational constants and V 00 3 were kept fix at the values of a microwave study, 8 DZ was fixed to zero and F 00 a was fixed to the value found for toluene. 37 Fig . 2 shows the rovibronic spectrum of the split origin of trans o-cresol-d 1 . The results of the fit to the rovibronic spectrum of the split origin and the frequencies of the 1e ' 0e and 2a 1 ' 0a 1 are presented in Table 1 .
For the hydroxy deuterated cis o-cresol we detected only the 0a 1 ' 0a 1 and 0e ' 0e torsional transitions. Like in undeuterated cis o-cresol this is due to the weak fluorescence signal from the higher torsional bands of the S 1 state. 4 Because of the limited number of torsional data we had to fix V 6 at zero in the both electronic states, F 00 a to a ''typical'' value for the -CH 3 rotor as found for toluene 37 and DF a ¼ 0.w Furthermore, the ground state rotational constants and V 00 3 were taken from a microwave study 8 and DZ was fixed to zero. The final parameters from the simultaneous fit of the both subbands are given in Table 2 and a sample of the quality of this fit can be seen in Fig. 3 . Fig. 3 illustrates the appearance of rovibronic transitions that are forbidden in an unperturbed rigid rotor spectrum from linear terms in K a as described in Section 2.2.
For the hydroxy deuterated cis and trans m-cresols we acquired similar torsional spectra as for the hydroxy deuterated trans o-cresol. However, the separation between 0a 1 ' 0a 1 and 0e ' 0e origins in this case is very large (see Fig. 4 ), resulting in no overlap of the rotational structure of both bands. We pasted together these spectra using iodine lines as a reference. This introduced an estimated uncertainty of 300 MHz in Dn EA 0 . In order to allow for the large error in Dn EA 0 in the simultaneous fits of the 0a 1 ' 0a 1 and 0e ' 0e bands we added an additional parameter DE˜E A with Dn
This parameter helped in particular in the beginning of the fit procedure to relax constraints to the V 3 values, which are responsible for the A and E bands splitting and at the same time for the effects in the E band caused by the linear terms in the effective rotational Hamiltonian (eqn. (2.5)). The final values of DE˜E A are of the order of a few tens of MHz, which indicates that the estimated errors due to pasting two non-overlapping spectra are at their upper limit. The final molecular constants for the hydroxy deuterated trans m-cresol are presented in Table 3 and a fit obtained with these parameters is compared with the experimental spectrum in Fig. 4 .
The parameters for the hydroxy deuterated cis m-cresol are given in Table 4 and a sample of the fit is shown in Fig. 5. Fig. 5 compares the intensities of A-and E-lines for different relative À1 . The 0e ' 0e origin is located at 40.020(7) GHz. (II) A 10 GHz zoom-in of the part of the spectrum where both the 0e ' 0e and 0a 1 ' 0a 1 spectra overlap. w DP is defined as P 0 À P 00 , where P represents a particular parameter.
signs of Z and y. Quantum interference effects are only observed for the E-lines. As Fig. 5 shows, the fit with Z ¼ À30.651, y ¼ À43.021 and Z ¼ À30.651, y ¼ 43.021 for the A-lines is identical, while it differs considerably for the E-lines. Obviously, only the combination Z ¼ À30.651 and y ¼ À43.021 gives the correct results. All torsional data for the hydroxy deuterated o-and m-cresols are summarized in Table 5 . For all the aforementioned rotationally resolved spectra the GA intensity fit using the two-temperature model yielded typically values for the rotational temperatures T 1 B 1.7 K, T 2 B 4 K and for the weighting factor w B 0.1.
Discussion
The methyl top barrier to internal rotation is very sensitive to the steric and electronic surroundings of the top. A more symmetric electron density around the carbon to which the -CH 3 group is attached generally leads to lower barriers to internal rotation. Barriers to internal rotation for the undeuterated and hydroxy deuterated cresols obtained experimentally and theoretically by other groups 3, 4, 8, 17 are compared in Table  6 . Not surprisingly, the current values are similar to those from earlier experiments on the undeuterated cresols. Notable is the trend of a reduction in the barrier for hydroxy deuterated o-cresols and an increase in the barrier for m-cresols with electronic excitation.
The S 1 ' S 0 electronic transition in m-and o-cresol corresponds to a p* ' p transition. The CIS calculations show, that the first excited singlet state of cis/trans m-and o-cresol is comprised mainly of two configurations: the first arises from a LUMO(w 3 ) ' HOMO(w 2 ) excitation, the second arises from a LUMO þ 1(w 4 ) ' HOMO À 1(w 1 ) excitation. Both configurations contribute significantly to the S 1 -state: all with minor contributions from other configurations. Thus, a discussion of the changes of torsional barriers upon electronic excitation has to include at least the above molecular orbitals. We will start with a discussion of the barriers in m-cresol, since steric reasons for the barrier are negligable here. Moreover, the meta positions do not communicate electronically with each other in contrast to the ortho and para positions. Fig. 6 shows HOMO À 1, HOMO, LUMO, and LUMO þ 1 of cis and trans . The 0e ' 0e origin is located at À155.325(300) GHz. (II) A 5 GHz zoom-in of (a) the 0e ' 0e and (b) 0a 1 ' 0a 1 spectra. Table 3 Deuterated (-OD) trans m-cresol molecular constants obtained from the combined fit of the rotationally resolved 0a 1 ' 0a 1 and 0e ' 0e torsional transitions and origins of the torsional 1e ' 0e and 2a 1 m-cresol for torsional angles of 01 (minimum of the potential) and 601 (maximum of the potential). The MO coefficients at the out-of-plane hydrogen atoms of the methyl group have been given numerically in the figure, for the sake of clarity. The MO coefficients in the HOMO À 1 and HOMO virtually do not change, as has been pointed out by Nakai and Kawai. 16, 17 Large changes can be seen in the LUMO and LUMO þ 1. For cis and trans m-cresol the coefficients at the out-of-plane hydrogen atoms in the LUMO decrease upon rotation of the methyl group from the minimum conformation to the transition state. The p*-s* hyperconjugation, which is responsible for this effect is denoted by the dotted lines in Fig. 6 . It can be described as a delocalization of the aromatic p* electrons to the s-type hydrogen atom orbitals of the methyl group. Thus, hyperconjugation stabilizes the equilibrium conformation at 01, leading to a barrier increase upon electronic excitation, as observed in the experiment. The situation gets more complicated when including the LUMO þ 1 in the consideration. Here, the transition state conformation at 601 is stabilized, what in priciple should lead to a decrease of the barrier upon electronic excitation. The fact that both effects do not cancel out must be traced back to the different weights, that both configurations contribute to the S 1 -state. The above coefficients for the linear combination of configurations show that the LUMO contributes about three times as much as the LUMO þ 1. Furthermore, the coefficients show that both configurations together contribute only about 50% of the excited state wave function.
The methyl torsional barrier of o-cresol, and especially that of cis o-cresol is much more influenced by steric interactions and/or intermolecular hydrogen bonds between the methyl and the hydroxy group than in m-cresol. While in m-cresol the minimum configuration is the same for the cis and trans conformers, in cis o-cresol the minimum configuration changes between cis and trans. The in-plane hydrogen atom of the methyl group pointing towards the OH group describes the transition state for cis o-cresol and the minimum for trans o-cresol (cf. Fig. 7 ). This has been confirmed by normal mode analysis, which shows a negative frequency for the methyl rotation of the transition state structure of trans o-cresol in Fig. 7 and only positive frequencies for the minimum structure. The torsion represents the motion which mediates the transition over the top of the potential. The shift of the potential minimum by 601 might be explained by the possibility of an Fig. 5 Example of the y angle sign effect on hydroxy deuterated cis m-cresol spectra. As predicted from theory the sign of y has no effect on the 0a 1 ' 0a 1 subband intensities (I). In the 0e ' 0e part of the spectrum (II) only ''Fit 1'' predicts proper line intensities. The frequency scale is given relative to the 0a 1 ' 0a 1 subband origin. Table 5 Measured torsional frequencies of hydroxy deuterated cis and trans, o-and m-cresols used in the combined low and high resolution fits. All the frequencies are relative to the origins of the 0a 1 
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Exp constants. The maximum deviations are 2%. Although the absolute rotational constants of the CIS calculations are in quite bad agreement with the excited state rotational constants, the difference between a HF calculation for the ground state and the CIS calculation for the excited state yields nearly perfect changes in the rotational constants upon electronic excitation. This is due to a cancellation of errors which arises from the neglect of dispersive interactions in both electronic states, but has a great predictive power for the estimation of the changes of rotational constants upon electronic excitation as has been shown to be valid for quite some different molecular systems. 38, 39 Using the program pKrFit 40 we determined the structure of cis and trans o-and m-cresol in the S 0 and S 1 -states from the rotational constants, given in Tables 1-4 . Due to the very limited number of inertial parameters, we performed a fit limited to the r 0 -structure, which neglects the vibrational contributions from the different isotopomers and which is based on the assumption that:
where the I 0 g are the (experimentally determined) zero-point averaged moments of inertia with respect to the inertial axes g. The functions I rigid g (r 0 ) are calculated from the structural parameters r 0 using rigid-molecule formulas. Thus, no vibrational corrections are introduced in the determination of the structure. Table 9 gives the results of the structure fits. As only three rotational constants are available we calculated the structure using a very simplified model for the molecules. In order to compare the structural changes upon electronic excitation, this model was chosen to be the same for all four isomers. All ring CH bonds are set to 108.5 pm for the electronic ground state and to 107.2 pm for the electronically excited state as in phenol. The methyl CH bonds are kept fixed at 108.9 pm for both electronic states. The CC bond length of the ring-methyl group bond is kept at 150.6 pm. All dihedral angles are fixed at a planar conformation for both electronic states. The CC bonds between the hydroxy and methyl substituent (CC b ) are fit but automatically set to the same value. All other ring CC bonds are set equal and are fit (CC a ). Additionally, the CO bond is fit. Of course the results of Table 9 represent only one possible set of changes that is valid in the given model. The structural changes of cis and trans o-and m-cresol upon electronic excitation can be summarized by a shortening of the CO bond length and an overall increase of the ring CC bonds. These findings support the results of the ab initio calculations. Comparing the results of the CIS and the HF calculations, one finds a reduction of the CO bond length of 2 pm, independent of the conformer and an increase of the ring bond lengths between 1 and 4 pm.
As can be seen from our results, the torsional constant F a slightly decreases upon electronic excitation (DF ¼ À2.5%). This is consistent with a small weakening of the s CH bonds in the methyl top and also supports the p*-s* HC mechanism. 17 The direction of the methyl top axis in all studied cresols almost bisects the CCC internal angle in the benzene ring (see Fig. 1 ).
Due to quantum interference effects we were able to determine not only the magnitude, but also the absolute direction of the TDM (see Section (2.2)). In all deuterated cresols y has the same sign (direction) as Z (see Fig. 1 ). The transitions in the hydroxy deuterated cis cresols are almost equal in the a and b types, while in trans o-cresol the a type lines are stronger (|y| ¼ 37.001) and in trans m-cresol the b type character is more pronounced (|y| ¼ 50.951). Fig. 8 shows the experimentally determined transition dipole moments for cis and trans orthoand meta-cresol. The broken arrows indicate the direction of the TDM as obtained from the CIS/6-31G(d,p) calculations. In all four cases very close agreement between experiment and theory is obtained. If we compare the orientations of the TDM in the cresols with those of the parent molecules toluene and phenol (each in its own inertial system) we find that the transition dipole moments of all four cresols are oriented close to that of phenol and almost perpendicular to that of toluene. This is quite different from the situation in m-aminophenol, studied by Reese et al. 41 There, both substituents, the amino and the hydroxy group, contribute nearly equally to the resulting TDM. This was explained by a mixing of the zeroorder states 
Summary
We measured and analyzed the rotationally resolved torsional members of the S 1 ' S 0 electronic transition in hydroxy deuterated o-and m-cresols. The spectra could be simulated by treating the internal rotation of the methyl top as a perturbation to the overall rotation of the molecules. For analysis of the spectra we used the automated assignments based on genetic algorithms, 30, 31 which facilitated the fitting of the complex spectra. The obtained barriers to internal rotation are similar to the ones reported for the undeuterated cresols and the changes in F a and rotational constants upon electronic excitation seem to indirectly support the hyperconjugation p*-s* mechanism, 17 which is held responsible for the large barrier changes upon electronic excitation. The derived rotational constants in both electronic states can be utilized for future validation of the geometry calculations of these molecules.
Other important parameters like the absolute direction of TM and the lifetimes of the hydroxy deuterated o-and m-cresols were determined. In all molecules the angle of the transition dipole moment with the inertial a-axis (y) has the same sign (direction) as the angle of the methyl torsional axis with the inertial a-axis (Z). This implies that the hydroxy group is the determinating factor for the orientation of the TDM, while the influence of the methyl group is small. The lifetime of these hydroxy deuterated cresols is similar to the lifetime previously reported for hydroxy deuterated phenol, 40 with the exception of the hydroxy deuterated trans m-cresol, which has a lifetime a factor two longer. Therefore Table 9 Structural changes of cis and trans o-and m-cresol upon electronic excitation from a model structure, described in the text explanations of the different lifetimes, which are based on conical intersections along a single (-OH) coordinate 42 have to be refined to account for the observations described in this study.
